Introduction {#S1}
============

Oncolytic virotherapy represents a promising, novel approach to cancer treatment. A number of viruses, such as adenovirus, herpes simplex virus, measles virus and vaccinia virus (VACV), are being developed as oncolytic viruses.[@R1]-[@R3] We and others have been developing VACV and other poxviruses as oncolytic agents. [@R3]-[@R12] Preclinical studies showed that genetically engineered oncolytic VACV displays both high tumor-selectivity and potent anti-tumoral effects. A phase I clinical trial via intratumoral injection of an oncolytic vaccinia has yielded promising results in patients with hepatocellular carcinoma.[@R13] Our genetically engineered virus, called vvDD, is currently being tested in a phase I clinical trial.

Despite all of the impressive progress, however, the issue of pre-formed immunity has not been adequately addressed. Most cancers occur in older patients who have been vaccinated against smallpox through worldwide smallpox vaccination program, resulting in long term protection against orthopoxviruses including vaccinia virus. Both the neutralizing antibodies and cellular immunity against poxviruses play major roles in protecting the host from infection, and the immunity may last a lifetime.[@R14]-[@R17] Even in patients who have not been vaccinated against smallpox, anti-poxviral immunity will be generated after the initial administration of oncolytic vaccinia. Like other anti-cancer agents, repeated administration of oncolytic viruses will be needed for clinical efficacy. Therefore, it is essential to develop rational strategies that can overcome this hurdle of pre-existing immunity.

It has been observed that vaccinia infection is more severe among persons with immunodeficiency diseases and persons treated with immunosuppressive medications.[@R18] Transient immunosuppression (IS) has been explored as a means of inhibiting immune responses to viruses and virus-induced inflammation in preclinical studies.[@R19] Oncolytic virotherapy is enhanced by suppression of both innate and adaptive antiviral responses.[@R20] Cyclophosphamide (CPA) and other immunosuppressive drugs have been used to enhance viral oncolysis and reduce immune components for herpes simplex virus (HSV) and other oncolytic viruses.[@R20]-[@R25] However, no prior studies have investigated the effectiveness of immunosuppressive regimens in the context of systemic delivery of oncolytic viruses in animal models with strong pre-existing immunity.

IS has been a standard procedure in organ transplants, [@R26],[@R27] and the regimen used successfully for organ transplant might also be useful to inhibit anti-viral immunity in the setting of oncolytic virotherapy. In the current study we investigate multiple immunosuppressive drugs commonly used for inhibition of organ transplant rejection, including tacrolimus (FK-506), mycophenolate mofetil (CellCept) and methylprednisolone sodium succinate (Solu-Medrol). FK-506 inhibits calcineurin, inhibiting both T lymphocyte signal transduction and IL-2 transcription, thus T cell activation. CellCept depletes guanosine nucleotides preferentially in T and B lymphocytes and inhibits their proliferation, thereby suppressing cell-mediated immune responses and antibody formation. [@R28] Solu-Medrol is classified as a glucocorticosteroid, an anti-inflammatory drug. A combination of these drugs is used clinically and should potently inhibit both cellular immunity and innate immunity. It is important to bear in mind that the tumor microenvironment is progressively immunosuppressive along with tumor development.[@R29],[@R30] T-reg cells, myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs) are important contributors to the immunosuppressive tumor microenvironment.[@R30]-[@R34] Dynamic interactions of the tumor microenvironment with oncolytic viruses and/or with immunosuppressive drugs will determine the success of oncolytic virotherapy in the pre-immune host.[@R35]-[@R37]

Autologous carrier cells, as vehicles for delivery of oncolytic viruses, have been investigated in multiple studies using various cell types and viruses.[@R38]-[@R40] One major advantage has been that the carrier cells "bypass" the pre-existing humoral immunity against the virus to carry the virus to the tumor tissue.[@R41]-[@R44] Among a variety of cell types tested, cancer cells have been shown to be effective as carrier cells.[@R2],[@R38]-[@R40] We hypothesized that either IS with immunosuppressive drugs or immune evasion (IE) with carrier cell delivery, or the combination of the two would overcome the pre-existing strong anti-poxvirus immunity. This combination may allow effective delivery of the oncolytic vaccinia (vvDD) to the tumor, resulting in efficient viral replication and spread, and anti-tumor efficacy in the pre-immunized host.

Results {#S2}
=======

Oncolytic virus (vvDD) replicated in tumors in naïve mice, but not in the pre-immunized mice {#S3}
--------------------------------------------------------------------------------------------

We first tested the possibility of viral replication in the tumor in pre-vaccinated C57BL/6 (B6) mice or naïve B6 mice. Naïve mice or pre-immunized mice bearing subcutaneous MC38 tumors were treated with vvDD by intraperitoneal (i.p.) injection. Viral recovery from tumor tissues was examined. As shown in [Fig. 1a](#F1){ref-type="fig"}, in naïve mice, significant amount of vvDD was recovered from tumor tissues on 4 and 8 days after systemic viral administration. Yet there was no viral recovery from tumors in the pre-immunized mice. High efficiency of replication of vvDD in subcutaneous and i.p. tumors in naïve immunocompetent mice has been demonstrated in previous studies.[@R4],[@R10],[@R12] These results confirmed the notion that pre-existing anti-poxviral immunity prevented systemic viral delivery and subsequent replication in the tumor tissues.

It has been shown that vaccination with a single dose of highly attenuated vaccinia protect mice with and without immune deficiencies against pathologic vaccinia infection, and the protection comes from both neutralizing antibodies and cellular immunity.[@R17] We examined the anti-poxvirus neutralizing antibodies in the sera and peritoneal washings from those pre-immunized mice or the mock-vaccinated mice. The anti-poxvirus neutralizing antibodies were quantified by a virus neutralization assay on A2780 cancer cells. The concentrations of neutralizing antibodies in the sera from immunized mice were potent, displaying 90% neutralization when diluted 10-fold, and over 50% neutralization even when diluted 200-fold ([Figure 1](#F1){ref-type="fig"}). However, the levels of neutralizing antibodies in the peritoneal washings were below the levels of detection by this assay, partially due to the dilution of peritoneal fluid in washing (data not shown). Nevertheless, our results confirmed that high levels of anti-poxvirus neutralizing antibodies were generated in the sera of vaccinated mice. Therefore, some strategies to overcome this anti-viral immunity are needed in order to effectively deliver the virus to the tumor.

Therapeutic levels of immunosuppressive drugs could be achieved after intraperitoneal administration {#S4}
----------------------------------------------------------------------------------------------------

We tested the optimal means to deliver the immunosuppressive drugs in mice. We examined the pharmacokinetics of tacrolimus (FK-506), mycophenolate mofetil (CellCept) and methylprednisolone sodium succinate (Solu-Medrol) ([Table 1](#T1){ref-type="table"}) after different routes of administration: oral, intravenous (i.v.) and intraperitoneal (i.p.) in B6 mice. The concentrations of drugs in the sera at various times after administration were determined. After initial exploration of the three different routes, we chose to deliver the drugs i.p. at the doses of 4 mg/kg for FK-506, 20 mg/kg for Solu-Medrol and 80 mg/kg for CellCept. The concentrations in the sera of the recipient mice held relatively steady at therapeutic levels (FK-506: 4-16 ng/ml; CellCept 3-18 μg/ml). These results showed that i.p. delivery of the drugs could achieve serum levels that would be therapeutic in human organ transplant.

No productive VV infection in subcutaneous tumors was achieved after systemic administration in pre-immunized mice under transient IS {#S5}
-------------------------------------------------------------------------------------------------------------------------------------

Each of five individual immunosuppressive drugs and various combinations were applied to the pre-immunized mice bearing subcutaneous MC38 tumors, followed by i.p. delivery of vvDD. Viral recovery from tumor tissues 4 and 8 days after viral administration was determined ([Table 2](#T2){ref-type="table"}). The median values of viral recovery (pfu/ml) in all cases were 0 even though there was some viral recovery in a small fraction of mice in some cases. Our results demonstrate that CPA, FK-506, CellCept, Solu-Medrol, CVF or combinations of these drugs did not allow productive infection of subcutaneous tumors in pre-immunized mice. Each of the immunosuppressive drugs target some components of innate and adaptive immunity, but none of them had an effect on the existing circulating neutralizing antibodies, which are a major factor in protecting the host from re-infection by VACV.[@R14]-[@R17]

Efficient viral recovery was observed only in B cell-knockout mice in the presence of immunosuppressive drugs {#S6}
-------------------------------------------------------------------------------------------------------------

We then examined whether B cells and neutralizing antibodies were partially responsible for the ineffectiveness of vvDD to reach and replicate in tumor tissues after systemic delivery in the pre-immunized mice. Subcutaneous MC38 tumor-bearing pre-immunized B cell-knockout (KO) and wild type (WT) B6 mice, were treated with vvDD in the absence or presence of the immunosuppressive drugs. We then looked for viral gene expression and the recovery of vvDD from MC38 tumor on days 4 and 8 after viral administration ([Figure 2](#F2){ref-type="fig"}). Using vv.luc (luciferase as a viral marker gene) for whole animal live imaging, light was detected in the subcutaneous (s.c.) MC38 tumor only in the B-cell KO mice treated with immunosuppressive drugs, indicating active viral transcription in tumor tissue ([Figure 2a](#F2){ref-type="fig"}, image A). Efficient viral recovery of vvDD from MC38 tumor occurred only in the KO mice with IS on either day 4 or 8 ([Figure 2b](#F2){ref-type="fig"}). Therefore, activated B cells and the neutralizing antibodies were important components of the barrier to systemic administration of an oncolytic poxvirus in the pre-immunized and tumor-bearing mice.

Cancer cells as carriers did not generate tumor in immunocompetent host {#S7}
-----------------------------------------------------------------------

One of our strategies would be to use MC38 cancer cells as carrier cells in order to efficiently deliver the oncolytic virus to the intraperitoneal tumor. The safety of using infected tumor cells as carriers was a major concern. Therefore, we tested tumor formation by luciferase-expressing MC38 cancer cells (MC38-luc) either mock-infected or infected with the virus at various MOIs in syngenic B6 mice. The formation of intraperitoneal tumor was monitored by assessing luciferase expression via whole body imaging ([Figure 3](#F3){ref-type="fig"}). By day 7, all mice incubated with mock-infected MC38-luc cells displayed significant luciferase expression ([Figure 3a](#F3){ref-type="fig"}). Due to overwhelming tumor burden, all mice in this group were euthanized around day 20, thus no images from day 36 were available. In contrast, the two groups of mice incubated with MC38-luc cells infected with vvDD at an MOI of either 1 or 10 displayed no luciferase expression on day 7 or 36. This indicated that no tumor formation had been observed. In tissue culture, none of MC38-luc cancer cells infected with the virus at MOI of 1 or 10 survived for more than 3 days (data not shown). Together, these data demonstrate that virus-infected MC38 cancer cells were safe as carriers under these conditions in an immunocompetent host.

Strategies to circumvent circulating antibodies were not successful in combination with immunosuppression in pre-immunized mice with subcutaneous tumors {#S8}
--------------------------------------------------------------------------------------------------------------------------------------------------------

We explored strategies to circumvent circulating antibodies against vvDD. We examined prolonged IS to target B cells (45 days) in order to eliminate most of the circulating antibodies. The half life of circulating antibodies (IgGs) is ∼21 days, so prolonged suppression of B cell function should significantly decrease circulating antibodies. We explored the use of anti-IgG therapy prior to viral infection; and we explored pre-treatment with inactivated vvDD to bind antibodies in advance of live viral delivery. We also examined intravenous delivery of vvDD. In all cases, the median viral recovery was still zero ([Table 2](#T2){ref-type="table"}). The highest percentages of tumors with recoverable vvDD, despite low amounts, were in the group receiving 45 days of IS (42%, in 5 of 12 mice) and those receiving anti-IgG therapy (40%). Unfortunately these treatments may not be feasible in cancer patients.

We next examined viral delivery to the tumor in the pre-immunized mice using carrier cells in order to circumvent the neutralizing antibodies. Infected cells release into the host the extracellular enveloped virus (EEV) form of VACV, which is resistant to antibody neutralization.[@R45] We performed an i.p. injection of carrier cells infected with vvDD at MOI of 10 in pre-immunized mice bearing s.c. MC38 tumors. We assayed for viral recovery from the tumors in the presence of IS. Again, no significant viral recovery from the tumor was obtained ([Table 2](#T2){ref-type="table"}).

IS with three drugs and cell carrier delivery of vvDD to pre-immunized mice with peritoneal carcinomatosis (MC38) leads to successful viral recovery {#S9}
----------------------------------------------------------------------------------------------------------------------------------------------------

As the peritoneum seems to lack high levels of anti-poxvirus antibodies, we explored the most ideal combination of IS and carrier cell-mediated delivery of vvDD in a peritoneal carcinomatosis model ([Figure 4a](#F4){ref-type="fig"}). Without immunosuppressive drugs and carrier cells, direct delivery of vvDD resulted in no recovery of the virus. With either carrier cells as delivery vehicles (MC38+vvDD) or IS drugs (vvDD/IS) alone, we recovered very low levels of vvDD from tumors \-- at or below 1.0 × 10^2^ pfu/mg on days 4 and 8. However, when the virus was delivered via carrier cells in the presence of IS, the viral recovery from the tumor reached 5.0 × 10^5^ pfu/mg of protein on day 4, and still persisted at 1.0 × 10^4^ pfu/mg on day 8. The enhanced yield was more than 3 logs over that without IS. Whole animal imaging using vv.luc further confirmed the effectiveness of this approach ([Figure 4b](#F4){ref-type="fig"}). As we see, no luciferase signal was detected from the i.p. tumor in the pre-immunized animal treated with vv.luc alone (A). In the presence of IS drugs, but without the use of carrier cells, we detected a weak signal in the tumor area (B). Using both IS drugs and carrier cells, we detected a very robust signal from the tumor tissue (C). These results demonstrate that the combination of IS and carrier cells are able to overcome the existing immunity against poxvirus to deliver the virus to a peritoneal tumor.

The immunosuppressive drug combination exerts its functions mainly through M2 TAMs in the tumor microenvironment {#S10}
----------------------------------------------------------------------------------------------------------------

Although some mechanisms of action and side effects of FK506, CellCept, and Solumedrol have been documented, how they function in combination to provide IS in the tumor microenvironment in the pre-vaccinated host has not been investigated. Three classes of cells, T-reg, TAMs, and MDSCs, and the immunosuppressive cytokines and chemokines secreted by them, constitute an immunosuppressive tumor microenvironment.[@R29]-[@R32] To examine the potential contributions of these three types of cells, we divided the pre-immunized, MC38 tumor-bearing mice into two groups, either mock-treated or treated with IS for various durations. We then isolated the infiltrated leukocytes from tumor tissues and identified the cell types by staining with antibodies against cell surface markers of CD4 (CD4^+^ T cells), CD8 (CD8^+^ T cells), CD11c (dendritic cells), NK1.1 (natural killer cells), Ly6G (granulocytes and neutrophils) or Mac-3 (macrophages). MAC-3 is a general marker for macrophages and can be used to distinguish these cells from lymphocytes. The stained cells were then analyzed by flow cytometry.

Few CD4^+^ and CD8^+^ T cells, CD11c^+^ dendritic cells or NK1.1^+^ natural killer cells infiltrated into the tumor tissue in pre-immunized mice in the absence or presence of IS ([Figure 5a](#F5){ref-type="fig"}). These results effectively prevented us from further meaningful analysis of the impact of T-reg cells in this regimen. However, these results were not unexpected because FK-506 and CellCept together inhibit the proliferation, differentiation and function of T cells, including T-reg cells. As for MDSCs, we observed a tendency, albeit statistically insignificant, of more Ly6G^+^ cells (mostly granulocytes and neutrophils) in the tumors in the group treated with IS (6.25% versus 1.63% for IS versus mock-treated mice; p = 0.109).

The most striking results came from MAC-3^+^ cells which are potentially immunosuppressive TAMs. We observed a marked increase of MAC-3^+^ cells in the tumors in the IS-treated mice (26.86% versus 4.5%, IS versus mock-treated mice; p = 0.030). TAMs with M2 phenotype have been shown to be highly immunosuppressive.\[27, 30\] In contrast, the M1 macrophages are immunoactive. Two cytokines, IL-10 and IL-12, are key markers of M1 (IL-10^low^/IL-12^hi^) or M2 (IL-10^hi^/IL-12^low^) macrophages. TAMs were isolated from the tumors in animals mock-treated or treated with IS. Peritoneal macrophages (pMAC) were isolated from naïve B6 mice and serve as controls. Real-time RT-PCR was used to quantify the relative levels of mRNAs encoding these two cytokines. Previously, F4/80^+^ TAMs have been well characterized.[@R46] Therefore, we isolated the F4/80^+^/Mac-3^+^ dual positive TAMs from groups of mice mock-treated or treated with IS drugs by flow cytometry ([Figure 5b](#F5){ref-type="fig"}). The levels of mRNA encoding IL-10 and IL-12p40 were analyzed by quantitative real-time RT-PCR, normalized to the level of GAPDH mRNA ([Figure 5c](#F5){ref-type="fig"}). In control naïve pMAC (pMAC-N) and activated pMAC (pMAC-A), IL-10 mRNA was low. In TAMs isolated from mock-treated mice (TAMs-NS), IL-10 was also low. However, IL-10 mRNA in IS-treated group (TAM-IS) increased about 6-fold. The expression patterns of IL-12b in pMAC-N and pMAC-A were as expected, with high level in activated pMACs, representing the M1 phenotype. The levels of IL-12b were low in both TAM-NS and TAM-IS. These results demonstrated that TAMs from the IS treated mice, but not control mice, were markedly increased in number and displayed a typical immunosuppressive M2 phenotype.

The combination of IS and cell carrier delivery leads to an enhanced therapeutic effect and prolonged survival in mice with peritoneal carcinomatosis {#S11}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We then tested the efficacy of vvDD using the combined approach of IS and cell carrier delivery to MC38 peritoneal carcinomatosis in the pre-immunized mice. We had first evaluated the effects of immunosuppressive drugs on tumor growth and survival. In repeated experiments, we did not find significant difference in survival in tumor-bearing mice with or without transient IS (data not shown). Therefore, in subsequent experiments, all mice were subject to IS and then underwent subsequent treatment with either HBSS saline, vvDD (naked) or vvDD delivered by carrier cells ([Figure 6](#F6){ref-type="fig"}). In this tumor model with IS, the saline-treated mice became moribund around day 21 and all required euthanasia by day 31, with a median survival of 22 days (control group). However, in animals treated with vvDD (naked), the median survival extended to 52 days (p \< 0.0001). The addition of carrier cells for delivery of vvDD further enhanced the survival duration, with a median of 67 days (p ≤ 0.017 compared to vvDD naked; p \< 0.00001 compared to saline-treated group). These results demonstrated that combined IS and immunoevasion is effective in overcoming pre-existing anti-poxvirus immunity to successfully deliver the virus regionally to the tumor in the peritoneal cavity, leading to successful oncolytic virotherapy in the pre-immunized host.

Discussion {#S12}
==========

Two major issues prompted us to study the utilization of immunosuppressive drugs for oncolytic poxvirus therapy in the pre-immunized host. First, pre-existing anti-poxvirus immunity in most cancer patients has presented a barrier to the utilization of oncolytic poxviruses, especially for systemic treatment. Secondly, successful therapy using oncolytic poxviruses may require repeated administration of poxviruses to the same patients where the anti-poxvirus immunity is generated de novo or boosted after the initial dose of an oncolytic poxvirus. Therefore, in order to fully realize the potential of oncolytic poxviruses, rational strategies to effectively evade and/or suppress the pre-existing anti-poxvirus immunity must be investigated.

In this study, we have investigated the strategies of IS, IE, or the combination in order to bypass the anti-poxvirus immunity and effectively deliver a poxvirus to tumor models by regional or systemic delivery. As a pre-clinical project, we were interested in testing approved drugs and combinations which have been used frequently in clinical practice in the setting of transplantation. Initially, we tested individual immunosuppressive drugs and then various combinations. Immunosuppressive drugs alone did not allow for systemic delivery of vvDD to subcutaneous tumors. In humans, it has been shown that the neutralizing antibodies produced by smallpox vaccination were a key component to protection from smallpox infection.[@R14],[@R16] The anti-poxvirus neutralizing antibodies were presumed to be the main barrier to successful administration of the oncolytic vvDD to tumors in the pre-immunized mice. Our results from B cell-knockout mice confirmed that notion. The absence of B cells alone would not allow successful delivery of the virus, but the combination of IS and the absence of B-cells led to efficient delivery of vvDD to the tumors.

Many different strategies to overcome circulating antibodies have been investigated, including anti-IgG therapy, decoy antigens, prolonged IS, and plasmapheresis. We explored many of these without success. Other investigators have previously demonstrated that carrier cells are able to systemically deliver oncolytic viruses to tumor even in the presence of neutralizing antibodies against particular viruses such as adenovirus or measles virus.[@R41]-[@R44],[@R47] The effectiveness of a particular cell-based system of oncolytic virus delivery rests on three sequential phases: ex vivo loading; in vivo targeting and virus production at the tumor site.[@R39] We chose to use cancer cells as carrier cells as they are easy to obtain in abundance, and they display high productivity of the progeny viruses.[@R39],[@R40] Unfortunately, the utilization of cancer cells as delivery vehicles was still not effective at allowing vvDD infection of subcutaneous tumors, even in the setting of IS. It is likely that trafficking of the carrier cells to the subcutaneous tumor was poor. While numerous strategies to potentially improve trafficking and for overcoming circulating antibodies should be explored in more detail, we chose to study i.p. delivery of vvDD in a model of peritoneal carcinomatosis, where targeting is less of an issue. We found that only the combination of carrier cells and IS led to efficient viral recovery from the peritoneal tumor. This combination, however, was effective enough to lead to a 3-fold increase in survival duration compared to control mice.

Immunosuppressive drugs may exert their effects on oncolytic viruses by multiple mechanisms. First, they may inhibit proliferation and activities of immune cells in both adaptive and innate immunity arms. By doing so, they may inhibit the anti-viral inflammatory responses which lead to swift viral clearance.[@R48]-[@R50] Mononuclear cells including NK cells and microglia/macrophages are involved in the clearance of HSV virus, and CPA pretreatment inhibited HSV-induced infiltration of tumor-associated phagocytic cells.[@R25] Our current study revealed that a cocktail of three drugs helped in both recruitment and education of the infiltrated monocytes into M2 polarized, immunosuppressive TAMs. In addition, the quantity of Ly6G^+^ cells, some of which are MDSCs, was also enhanced in the tumors in the IS treated mice. These effects may lead to prolonged virus survival in the tumor microenvironment and enhanced therapeutic efficacy.

It is interesting to note that innate immunity and inflammatory responses to oncolytic virus can serve as a double-edged sword. On the one hand, it will promote the anti-viral clearance prematurely and thus reduce the efficacy of the virus. On the other hand, the inflammatory response to the virus may lead to bystander killing of un-infected cancer cells and long-lasting anti-tumor immunity.[@R35]-[@R37] In our case, IS promotes the education of TAMs into highly immunosuppressive M2 phenotype, which may promote a friendly environment for replication and spread of an oncolytic poxvirus. At the same time, these M2 type TAMs may promote tumor angiogenesis, tumor cell invasion, and matrix remodeling.[@R32]-[@R34],[@R46] Oncolytic VACV has repeatedly been shown to be more efficacious in nude mice than immunocompetent mice, suggesting that direct viral oncolysis is the most significant contributor to its overall effect. In this regard, IS may be more beneficial than detrimental in the setting of oncolytic poxvirus.

Any IS required for cancer treatment will be transient, and the recovering immune response to the virus may lead to efficient bystander immune clearance of cancer cells and long term immune memory. While beyond the scope of the current study, the time course and effect of immune recovery in this context needs further study.

The utility of cancer cells as carriers for oncolytic viruses has raised safety issues [@R40],[@R47]. Additional safeguards will need to be implemented against those cancer cells that might escape infection and killing by the oncolytic virus. These strategies include irradiating the cancer cells before administration, or engineering the virus with a suicide gene system [@R40],[@R47]. We have developed another version of our virus, vvDD-CD [@R4], expressing the yeast cytosine deaminase that would provide an effective suicide enzyme system to kill infected cells and neighboring uninfected cancer cells through a bystander effect. The safety and effectiveness of suicide gene-armed virus-infected cancer cells as carriers will be examined in the future.

Materials and methods {#S13}
=====================

Cell lines {#S14}
----------

MC38 and MOSEC murine cancer cells, A2780 and HeLa human cancer cells, and monkey kidney CV-1 cells have been used in our previous studies [@R4],[@R10],[@R12].

Vaccinia virus {#S15}
--------------

All vaccinia viruses were derived from WR strain. The virus vvDD-EGFP (vvDD in short), with dual deletions of viral genes *tk* and *vgf*, has been characterized previously.[@R9] The pseudo-wild type virus vF13L, and vv.luc that expresses firefly luciferase, have also been described.[@R9],[@R11]

Mice and experimental procedures {#S16}
--------------------------------

Female C57BL/6 mice (B6) were purchased from Taconic Farms, Inc. (Germantown, NY). The B cell knockout C57BL/6 mice, B6.129S2-*Igh-6^tm1Cgn^*/J, were purchased from Jackson Laboratory (Bar Harbor, Maine).

The animal studies were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Mice were housed in standard conditions and given food and water *ad libitum*.

Pre-immunization with vvDD and assay for neutralizing antibody {#S17}
--------------------------------------------------------------

The B6 mice were injected i.p. with vvDD at 4.0 × 10^6^ pfu per mouse. One month later, mice were used for tumor cell inoculation and additional experiments.

For determination of the titer of anti-poxvirus neutralizing antibodies in the mouse serum, anti-sera samples were diluted to appropriate concentrations, and incubated with vvDD, and then were used to infect A2780 human cancer cells. The cytopathic effect was determined as described.[@R11],[@R17]

Administration of the IS drugs into mice and quantification for serum IS drugs {#S18}
------------------------------------------------------------------------------

Immunosuppressive drugs tacrolimus (FK-506; fujimycin), mycophenolate mofetil (CellCept), methylprednisolone sodium succinate (Solu-Medrol), and agent cobra venom factor (CVF) have been tested in this study. The prescription drugs Prograf (tacrolimus) (Astellas); CellCept Intravenous (Roche) and Solu-Medrol (Pharmacia and Upjohn) were obtained from the Hillman Cancer Center Pharmacy. CellCept in powder form was dissolved in 5% Dextrose Injection USP (D5W) to desirable concentration. FK-506 in solution and methyl prednisolone powder were diluted or dissolved in 0.9% normal saline to desirable concentration.

Initially, immunosuppressive drug cocktail was given in oral, intravenous and intraperitoneal routes. The concentrations of drugs in the serum were tested at various time points after administration. After initial investigation, we chose the delivery of the drugs by i.p. route for all the remaining experiments. All the three drugs were mixed together and injected i.p. in a total solution of 200 μl per day in a single dose. Daily injection site was altered to minimize local fibrosis and infection. The drugs are titrated to one month old mice based on total body weight. Based on initial pilot experiments, the weight adjusted doses of IS drugs were derived by measuring serum concentration at 2 to 48 h. Corresponding human weight adjusted doses were used as comparative standard. The mouse serum drug trough levels were always higher than the recommended serum concentration in human organ transplant patients.

The concentrations of the drugs in the sera from mice were determined by the clinical laboratory at University of Pittsburgh Medical Center.

Tumor models and anti-tumor effects {#S19}
-----------------------------------

In the first tumor model, 2.0 × 10^5^ MC38 colon cancer cells in 100 μl of DMEM were injected s.c. into the right flanks of 7-week-old female nude mice and allowed to grow for 7--10 days. In the second model, 2.0 × 10^5^ MC38 colon cancer cells were injected into the peritoneal cavity as colorectal carcinomatosis model.[@R4],[@R12]

Cancer cells as carrier cells {#S20}
-----------------------------

MC38 cancer cells were infected with vvDD at multiple of infectivity (MOI) of 10. They were harvested at 16 h post infection. The infected cells were harvested, washed in cold 1 × PBS thrice, counted and injected i.p. into recipient mice. The viability of the infected cancer cells were monitored by trypan blue exclusion staining at the time of harvest and afterward *in vitro*.

RNA isolation and real-time RT-PCR {#S21}
----------------------------------

The procedure of total RNA purification, real-time RT-PCR was performed as described previously.[@R51] Briefly, total RNA was extracted from cells by using RNeasy mini kit (Qiagen, Valencia, CA). First-strand cDNA was synthesized by using ImProm-II reverse transcription system with an oligo(dT)~15~ primer (Promega, Madison, WI). Real-time PCR was performed on cDNA using TaqMan gene expression assays specific for murine *IL-10* (Mm99999062_m1), *IL-12p40* (Mm99999067_m1) and *Gapdh* (Mm99999915_m1), with an ABI StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA).

Live whole animal imaging {#S22}
-------------------------

The in vivo optical imaging for the animals were performed using a Xenogen IVIS 200 Optical In Vivo Imaging System (Caliper Life Sciences, Hopkinton, MA), with technical assistance from the Small Animal Imaging Core Facility of the University of Pittsburgh Cancer Institute (UPCI).

Isolation of tumor infiltrated leukocytes and flow cytometry {#S23}
------------------------------------------------------------

The isolated leukocytes were probed with FITC rat anti-mouse CD4, FITC rat anti-mouse CD6, FITC hamster anti-mouse CD11c, PE mouse anti-mouse NK-1.1, PE rat anti-mouse Ly-6G and Ly-6C or PE rat anti-mouse MAC-3 antibody, or isotype Ig controls (BD Pharmingen Inc., San Diego, CA). The stained cells were subject to flow cytometry. For isolation of F4/80^+^/MAC-3^+^ dual positive TAMs, cells were probed with both PE-rat anti-MAC-3 antibody (BD Pharmingen) and FITC-rat anti-mouse F4/80 antibody (BioLegend, San Diego, CA). The dual positive cells were sorted by using a MoFlo cell sorter (Beckman Coulter, Fort Collins, CO). Data were analyzed with the aid of software Summit version 4.3 (Beckman Coulter, Inc., Brea, CA).

Isolation and activation of peritoneal macrophages {#S24}
--------------------------------------------------

We have followed a standard procedure for isolation of murine peritoneal macrophages (pMAC) and activation of these cells in vitro.[@R52],[@R53] Briefly, naïve B6 mice were injected peritoneally with 3.0% thioglycollate medium (Fisher Scientific, Pittsburgh, PA). Four days later, mice were injected i.p. with 5 ml of ice-cold medium with 5% de-complemented fetal bovine serum, and the peritoneal washes were collected. Cells were plated on tissue culture plates for one hour, and then non-adherent cells were aspirated. The adherent cells were washed twice with 1× PBS saline before fresh growth medium was added. The purity of macrophages isolated by this protocol is over 90%. For activated macrophages, the cells were treated first with 150 U/ml murine IFN-β (Peprotech, Rocky Hill, NJ) for 12 h, and then with 10 ng/ml lipopolysaccharides (Sigma-Aldrich, St. Louis, MO) for 18 h.

Statistics {#S25}
----------

The statistical analyses were performed as described previously.[@R4],[@R10] P value less than 0.05 was considered statistically significant.
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![Generation of anti-poxviral immunity by vaccination and vaccinia virus replication in tumors of naïve, but not pre-immunized B6 mice\
(a). Oncolytic virus vvDD was recovered from tumors in naïve, but not pre-immunized mice. One group of B6 mice (n = 5) were injected i.p. with 4.0 × 10^6^ pfu of vvDD and housed for one month before further experiment. Subcutaneous MC38 tumors were subsequently established. When tumors reached ∼5 × 5 mm in size, 1.0 × 10^8^ pfu of vvDD was injected i.p. Tumor tissues were harvested on days 4 and 8 after viral administration, and viral titers were quantified by plaque assays. Data are presented as median values (p \< 0.0001). N.D.: No virus detected (in tumors from the pre-immunized mice). (b). Presence of anti-poxvirus neutralizing antibodies in the sera from the immunized B6 mice. B6 mice were mock-vaccinated or vaccinated with 4.0 × 10^6^ pfu of the virus vvDD i. p. Thirty days later sera were collected. vvDD was incubated with the collected sera at the indicated dilutions and the incubated mixtures were used to infect A2780 human cancer cells as described.[@R11] Cytopathic effect was observed. Representative data from two experiments are presented as mean ± s.d.](nihms196787f1){#F1}

![Imaging and viral recovery from tumor in B cell KO mice with or without IS drugs treatment\
Viral recovery from tumor tissues in B cell knockout (KO) versus wild type (WT) B6 mice. Mice were vaccinated with 4.0 × 10^6^ pfu per mouse of vvDD i.p. Thirty days later (day 0), mice were inoculated with 2 × 10^5^ MC38 cells s.c., and injected with vvDD (5.0 × 10^7^ pfu) i.p. on day 7 with or without the administration of the three IS drug cocktail. (a). Whole animal imaging was conducted on day 4 after viral administration. The intensity of light indicated the level of luciferase expression from virus-infected cells. Typical results of B cell KO mice with treatment of IS drugs (A) or without IS drugs (B). (b). Tumor tissues were harvested on days 4 and 8 after virus administration (n = 5) and assessed for viral recovery by plaque assays in CV-1 cells. All values are expressed as medians.](nihms196787f2){#F2}

![The safety of the virus-infected MC38 cancer cells as carrier cells\
The MC38-luc (MC38 cells tagged with the firefly luciferase gene from a lentivirus vector) cancer cells were infected with a vvDD virus at MOI of 0, 1 and 10, as described in the Materials and methods. Following infection, 1.0 × 10^6^ MC38-luc cancer cells were injected i.p. into B6 mice. The light images were taken on days 7 and 36. Mice (n = 5 per group) were injected with mock-infected MC38-luc cells (a), MC38-luc cells infected with vvDD at MOI of 1.0 (b), or MC38-luc cells infected with vvDD at MOI of 10 (c). All mice with mock-infected MC38-luc tumor died around 20 days, thus no images on day 36 could be obtained.](nihms196787f3){#F3}

![The combined effects of IS drugs and carrier cells on viral replication and viral gene expression (firefly luciferase as viral marker gene) in mice bearing intraperitoneal MC38 colorectal carcinomatosis\
B6 mice were pre-vaccinated with vvDD at 4.0E6 pfu/mouse on day -30. The mice were inoculated with MC38 cancer cells (2 × 10^5^) i.p (as day 0). On day 7, mice were treated i.p. with either vvDD alone (5.0E7 pfu/mouse) or with 5.0E6 MC38 cells infected ex vivo with vvDD at MOI = 5.0, as described in Materials and methods (n = 15/group). (**a**). The viral recovery from cancer cells in the peritoneal cavity at days 4 and 8 after viral delivery. IS, animals with IS; NS: non-immunosuppressed. ND: not detected. The p values are \*\* p \< 0.032; \* p \< 0.05. (**b**). live whole animal imaging after virus delivery. The pre-immunized and tumor-bearing mice were injected i.p. with 1.0E8 pfu of vv.luc per mouse. The imaging was performed on day 4 after viral injection as described.[@R11]. The representative images were from mice with MC38 i.p. tumors with and treated with either vv.luc alone (A), IS and vv.luc (B), or IS and vv.luc delivered via MC38 carrier cells (C).](nihms196787f4){#F4}

![Analyses of the tumor-infiltrated leukocytes in the tumor of pre-immunized hosts mock-treated or treated with immunosuppressive drugs on day 4 after viral administration\
(a). Relative quantities of major classes of leukocytes as analyzed by immunostaining of cell surface markers and then flow cytometry. The antibodies are against cell surface proteins of CD4 (CD4^+^ T cells), CD8 (CD8^+^ T cells), CD11c (dendritic cells), NK1.1 (NK cells), Ly6G (granulocytes and neutrophils) and MAC-3 (macrophages). (b). Examples of flow cytometric analysis of F4/80^+^/MAC-3^+^ dual positive TAMs in the tumors of pre-immunized mice with or without treatment with IS drugs. (c). Expression of two key cytokines in F4/80+/MAC-3+ dual positive TAMs from tumors in either IS drug-treated or untreated mice, and naïve and activated pMACs serve as controls. Total RNAs were purified by standard procedure as described. The expression of murine IL-10 and IL-12/P40 mRNA (left and right graphs) was quantified by real-time RT-PCR. The copy number of target mRNA was normalized to that of the housekeeping gene GAPDH. Data represent mean +/- SEM.](nihms196787f5){#F5}

![The combined effects of immunosuppressive drugs and carrier cells on the efficacy of vvDD oncolytic virotherpy in pre-immunized mice bearing intraperitoneal MC38 colorectal carcinomatosis\
B6 were pre-immunized for one month before inoculation of MC38 tumor cells for i.p. colorectal carcinomatosis. Ten days after tumor cell inoculation, IS was initiated in all mice (n = 15 per group), and then treated with either HBSS saline (CTL), vvDD (vvDD naked), or vvDD delivered via MC38 carrier cells (vvDD with carriers). The survival and health of these mice were closely monitored. Survival data were plotted on a Kaplan-Maier curve. Statistical comparisons were performed using a log-rank test. The p values: p \< 0.0001 (control versus naked); p \< 0.00001 (control versus vvDD with carriers); p ≤ 0.017 (vvDD \[naked\] vs vvDD with carriers).](nihms196787f6){#F6}

###### 

Doses and actions of the immunosuppressive drugs

  Drug                                                Dosage (1)                 Action
  --------------------------------------------------- -------------------------- ---------------------------------------------------------------------------------------------------------
  Tacrolimus (Progaf, FK-506)                         4 mg/Kg body weight/day    Inhibits calcineurin and prevent T cell activation
  Mycophenolate mofetil (CellCept)                    80 mg/Kg body weight/day   Inhibits inosine monophosphate dehydrogenase and inhibit B and T cells
  Methylprednisolone sodium succinate (Solu-Medrol)   20 mg/Kg body weight/day   As a glucocorticoid and a general immunosuppressant.Exact mechanism of action unknown
  Cobra Venon factor (CVF)                            500 ng/Kg/day              It is the non-toxic, complement-activating component of cobra venom. It causes depletion of complement.

Footnote: Drug administration started 2 days before viral challenge and continued daily until time of sacrifice.

###### 

Recovery of vvDD from tumors in the pre-immunized B6 mice

  Drug Treatment                 Viral Recovery (Median value)   Animals with low yet recoverable virus from tumor (%)
  ------------------------------ ------------------------------- -------------------------------------------------------
  CPA                            **0**                           **0**
  FK-506                         **0**                           **0**
  CellCept                       **0**                           **17**
  Solu-Medrol                    **0**                           **0**
  CVF                            **0**                           **12**
  3 drugs: CC, SM, FK            **0**                           **8**
  4 drugs: CC, SM, FK, CVF       **0**                           **0**
  3 drugs + anti-IgG             **0**                           **40**
  3 drugs for 44 days            **0**                           **42**
  3 drugs + inactivated vvDD     **0**                           **0**
  3 drugs + i.p. carrier cells   **0**                           **20**

**Footnote:** All regimens, except that with cyclophosphamide (CPA), were tested in subcutaneous MC38 tumor models in B6 mice (n = 5 to 12). CPA was tested in a peritoneal MC38 tumor model in B6 mice. Viral recovery (pfu/ml) was examined in tumor tissues from mice on day 6 or 8 after viral administration. The 3 drug cocktail consisted of FK-506, CellCept and Solu-Medrol, while 4 drug cocktail consisted of CVF in addition to the other three drugs.
